We have fabricated zirconia ͑ZrO 2 ͒ thin films on Si ͑100͒ wafers that possess excellent dielectric properties such as high permittivity up to 53 and excellent frequency stability. The good performance is mainly attributed to the improvement in the crystallinity and orientation of the thin films and the interfacial structure using substrate biasing. The bias endues positive ions with high energy and diffusion of the incident particles and relaxation of the surface are enhanced by collisions between the impinging positive ions accelerated through the plasma sheath and substrate atoms. In addition, the higher nuclei density on the surface as a result of substrate biasing is beneficial to the fabrication of oriented thin films and the dielectric properties of the thin films are improved as the substrate bias goes up. The results increase our understanding of the factors leading to the deposition of high-quality ZrO 2 dielectric thin films that are able to meet the requirements for capacitors in next-generation memory devices.
I. INTRODUCTION
Advanced gate dielectrics have gained considerable attention recently due to the requirement by the semiconductor roadmaps for a sub-1.5 nm silicon dioxide ͑SiO 2 ͒ gate dielectric layer in sub-120 nm complementary metal-oxidesemiconductor technologies. [1] [2] [3] There are, however, significant current leakage and reliability concerns associated with these ultrathin SiO 2 films and much effort has been devoted to the fabrication of new-generation gate dielectric materials with high permittivity. 4 As a dielectric material possessing a high permittivity ⑀ r of about 22 and good thermal stability with Si substrates, zirconia ͑ZrO 2 ͒ is considered as one of the most promising materials since it is also compatible with conventional very-large-scale-integration processes. ZrO 2 thin films have been studied as storage capacitors in dynamic random access memories, ͑DRAMs͒, gate oxide in field effect transistors, and so on. [5] [6] [7] Nevertheless, the relative dielectric constant of ZrO 2 is modest compared to those of other dielectric materials with high permittivity such as SrTiO 3 . 8 It is therefore of scientific and commercial significance to be able to improve the permittivity of ZrO 2 . Unfortunately, it has been difficult to produce ZrO 2 thin films with high r in spite of extensive work done on their structure and electrical properties. 9 Recently, it was reported that exceptionally high r could be obtained by modulating the orientation of Ta 2 O 5 thin films utilizing a postannealing process in N 2 O plasma at 800°C 10, 11 and it is possible that this concept can be applied to ZrO 2 thin films. Besides, it is believed that the application of the bias is an effective way to increase both the ionization density and the energy of incoming particles from the gas phase onto the surfaces, and so it is beneficial to the increase of the nucleation density and fabrication of oriented thin films. 12 In this work, ZrO 2 thin films were prepared on negatively biased Si ͑100͒ substrate in a magnetron sputtering system. The resulting permittivity improves from 18 to 53 and the stability against high frequency is also enhanced by using a higher sample bias. The influence of the substrate bias on the interfacial and dielectric characteristics of the thin films is also studied. Our study suggests that the improvement is mainly due to the better crystallinity and orientation of the thin films and reduction of the interfacial layer with low permittivity.
II. EXPERIMENTAL PROCEDURES
ZrO 2 thin films were deposited on n-type, 100 mm Si ͑100͒ wafers with the resistivity of 4-7 ⍀ cm using a rf magnetron sputtering system. A 99.9% pure ZrO 2 disk with a diameter of 50 mm was used as the sputtering target. The distance between the target and substrates was fixed at about 3.5 cm during the experiments. The substrate temperature was controlled by means of the heater assembly mounted below the stainless steel substrate holder and was measured with a chromel-alumel thermocouple attached to the back side of the Si substrate. The sputtering chamber was pumped down using a turbo-molecular pump to a base pressure under 3 ϫ 10 −3 Pa. Prior to film deposition, the target was presputtered by 99.99% pure Ar plasma ͑0.1 Pa͒ to improve the properties of the thin film. After pre-sputtering, the chamber was re-evacuated to a base pressure of 3 ϫ 10 −3 Pa. The a͒ Author to whom correspondence should be addressed; electronic mail: paul.chu@cityu.edu.hk working chamber was filled with 20% O 2 as the reactive gas and 80% Ar as the sputtering enhancing gas. The total working pressure was held at about 0.5 Pa, and rf power of 100 W was applied in the sputtering process for a deposition time of 120 min.
The thickness of the as-deposited ZrO 2 thin films was measured by a Seimitzu Surfcom 480A profiler. Microstructural analyses were carried out using a Xian-Chinetek Fourier transform infrared ͑FTIR͒ spectrometer and Philip x-ray diffractometer in a -2 configuration and Cu K ␣ radiation. The surface morphology was evaluated by contact mode atomic force microscopy ͑AFM͒ on a Park Scientific Instrument ͑PSI͒ Autoprobe Research over a scanned area of 5 m ϫ 5 m. The dielectric properties of the thin films deposited at 550°C under different biases were measured using an Agilent 4396B type impedance analyzer. Figure 1 shows the FTIR spectra of the ZrO 2 thin films deposited at 550°C under different biases from 0 to Ϫ300 V. The thin films exhibit strong absorption peaks located near 580, 510, and 420 cm −1 corresponding to the Zr-O vibrational modes. [13] [14] [15] Furthermore, the weak absorption bands at around 720 cm −1 of Zr-O-Si and 800 and 1080 cm −1 of the Si-O vibration mode occur at lower substrate biasing such as 0 and Ϫ100 V, implying the formation of very little SiO x and ZrSiO x at the interface. However, it is clearly seen that the intensity of the Si-O and Zr-O-Si absorption peaks weakens with increasing bias. In particular, at a substrate bias of Ϫ200 V, the Si-O absorption peaks almost disappear and the intensity of the Zr-O-Si absorption peaks diminish significantly, indicating that at a higher substrate biasing, the interfacial structure of the ZrO 2 /Si thin films can be optimized. Ono et al. suggested that the formation of the interfacial layers did not depend on either the thickness of oxide films or the annealing atmosphere, but rather the deposition or annealing temperature. 16 In our experiments, the substrate bias does not affect the deposition temperature but aids to increase the nuclei density in the thin films. 12 Therefore, our results suggest that by using a negative substrate bias, the interfacial layer with low permittivity is reduced, thereby boding well for the dielectric properties of the thin films. Figure 2 depicts the x-ray diffraction ͑XRD͒ patterns of the thin films deposited at 550°C under different biases from 0 to Ϫ300 V. Although the unbiased thin film exhibits diffraction peaks at 29.95°and 34.83°corresponding, respectively, to the ͑111͒ and ͑002͒ planes of orthorhombic ZrO 2 phase, 17 it has poor crystallinity. As shown in Fig. 2 , the intensity of the main peak is very weak and its relative full width at half maximum ͑FWHM͒ is also broad ͑inset plot in Fig. 2͒ . When a bias is applied to the substrate, the intensity of the main peak becomes stronger and the related FWHM narrower. Our XRD results thus imply that the crystallinity of the thin films can be improved by substrate biasing. Furthermore, the intensity of the main peak increases and the FWHM decreases with increased bias, indicating a change of the polycrystalline structure to a higher order or an increase in the grain size. At a substrate bias of Ϫ300 V, the ͑002͒ peak disappears suggesting a preferential orientation of the thin films. Similar trends have been observed for Ta 2 O 5 thin films. 18 Moreover, the main peak shift in the XRD pattern at Ϫ300 V bias is observable and it is believed to be a result of larger stress in the thin films under a higher bias. 19 The overall biasing effects on the crystallinity of the ZrO 2 thin films can be attributed to the interactions between the positive ions accelerated from the plasma and the atoms on the surface. A higher substrate bias increases the number of positive ions with high energy. Diffusion of the incident particles and relaxation of the surface are also expected to be enhanced by the collisions between the impacting ions and substrates atoms. 20 In addition, as illustrated in Fig. 3 , the deposition rate diminishes with the bias increasing. As the deposition rate decreases, for example, at Ϫ300 V, the particles have a longer time to diffuse to locations with low potential. 21 Compared to thicknesses of about 80-120 nm at biases of less than Ϫ200 V, the thickness of the film deposited at a substrate bias of Ϫ300 V drops precipitously to 40 nm leading to weaker XRD peaks. Based on the above-mentioned results, it can be concluded that negative bias assistance can improve the crystallinity and interfacial structure. It is also beneficial to the oriented growth of the films, although the growth rate of the thin films can be decreased as the bias increases.
III. RESULTS AND DISCUSSION
The surface morphology of the thin films deposited at substrate biases of 0 and Ϫ300 V was assessed by AFM in the contact mode, and the results are displayed in Fig. 4 . Regular square features are observed on the Ϫ300 V sample ͓Fig. 4͑b͔͒. The increased grain size in the high bias samples is consistent with the XRD results shown in Fig. 2 thereby further corroborating that better crystallinity is achieved under a negative substrate bias.
The dielectric performance of the thin films is of interest because ZrO 2 thin films with higher permittivity are suitable for new-generation thin film capacitor devices such as gigabit DRAM. 22 In order to investigate the bias effects on the dielectric characteristics, the permittivity of the thin films deposited at 550°C under different biasing conditions was measured using an Agilent 4396B type impedance analyzer. Figure 5 shows the relative dielectric constant of the thin films as a function of substrate bias at a frequency of 5 MHz. It can be observed that the permittivity changes considerably with substrate biasing. The thin film produced at 0 V bias has poor crystallinity and a permittivity of around 22, and the results are in good agreement with that of conventional thin films. 23 As the bias is increased to Ϫ200 V, the bettercrystallized thin film possesses a permittivity of about 38, and at Ϫ300 V, it reaches about 53, which is significantly higher than that reported in the literature. 24 A closer look reveals that the permittivity increases by about 20 from no biasing to Ϫ200 V biasing, but it increases from 38 to 55 ͑a difference of 17͒ when the bias increases from Ϫ200 to Ϫ300 V. The bigger improvement in the permittivity at higher biasing voltage can be ascribed to the orientation and crystallinity of the thin film. Usually, the dielectric properties of the thin films strongly depend on the fabrication method, nature of the substrate and electrode materials, crystallographic orientation, microstructure, and film-substrate interface characteristics. 25 Dramatic changes in the crystallinity and orientation are observed in our experiments, and the interfacial properties are also improved according to the FTIR results. These factors are believed to be responsible for the change in the permittivity. Our data therefore suggest that it is possible to adjust the permittivity by optimizing the crystallographic orientation using different degree of substrate biasing. In order to investigate the frequency response of the materials, the relative dielectric constant of the thin film at Ϫ300 V as a function of frequency from 1 to 10 MHz is shown in Fig. 6 . It can be seen that the permittivity decreases slightly as the frequency is increased. For dielectric materials, the intrinsic frequency dependence of the materials or the effects due to the electrodes or any internal interfacial barrier may induce such a resonance at the frequencies on the order of a few megahertz. At these frequencies, the internal accuracy of the impedance analyzer is about 5%, 25, 26 and so the observed small decrease of the permittivity from 56.61 to 51.45 indicates excellent frequency stability in this frequency range.
IV. CONCLUSION
Orthorhombic ZrO 2 thin films have been prepared by magnetron sputtering system at 550°C using negative substrate biasing. The permittivity of the materials increases significantly from 18 up to 53 due to the improved crystallinity. In particular, using a substrate bias of Ϫ300 V, the permittivity reaches a value of 53 that is much higher than typical values found in the literature. Besides, the interfacial properties of ZrO 2 /Si ͑100͒ are also improved. Our results suggest a means to improve the properties of dielectric films and that oriented ZrO 2 films fabricated using substrate biasing may meet the requirements for next-generation memory devices.
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